Introduction
Molecular recognition is important in many biological processes such as in the function of antibodies and enzymes. Therefore, bioorganic chemists have been trying to mimic biological receptors. One strategy is molecular imprinting, which is a useful method for synthesizing tailor-made artificial receptors. Molecular imprinting has been a rapidly developing area of investigation and has found applications in various fields. 1, 2 In the molecular imprinting process, template molecules are surrounded by functional monomers that have functional groups capable of covalent or non-covalent bonding formation with the templates. After polymerization with a cross-linker, the template is extracted from the highly cross-linked polymer matrix, creating recognition sites that are complementary to the template molecule.
Traditionally prepared imprinted polymers have a heterogeneous size distribution and irregular shapes due to the necessity to grind and sieve the resulting polymer monoliths. These characteristics are thought to limit the utility of imprinted polymers in many applications. 3 Recently to overcome these drawbacks of imprinted polymers, Yilmaz et al. 4, 5 and Titirici et al. 6, 7 have reported strategies to prepare uniformly sized and shaped imprinted polymers, using templates that are first immobilized on silica microspheres, from which the silica is then etched away. Spherical imprinted polymer beads were prepared by suspension polymerization 8, 9 and precipitation polymerization. 10 Sanbe et al. 11, 12 have also prepared uniformly sized imprinted polymers, utilizing suspension polymerization, an alternative multi-step polymer microparticle swelling and polymerization.
Bisphenol A (BPA) has been widely used as a chemical building block for polycarbonate plastics, epoxy resins, and polysulfones. BPA is known to slowly leak from these plastic packaging and tableware materials. 14 Recently, BPA was identified as a potential endocrine disruptor that can bind to the estrogen receptor and exert estrogen-like effects. Due to such characteristics, many research groups reported BPA-imprinted polymers prepared using various templates. [11] [12] [13] [14] [15] [16] We report herein a BPA binding imprinted polymer that has been prepared by immobilization of the template, 4,4′-bis(4-hydroxyphenyl)valeric acid, to a silica matrix. This yielded imprinted polymers of uniform size and shape with structurally controlled binding sites.
Experimental

Materials
Aminopropyl silica gel (60 µm, 0.78 mmol of NH2/g) was a kind gift of Fuji Silycia Chemical. The template molecule, 4,4′-bis(4-hydroxyphenyl)valeric acid, was purchased from Tokyo Kasei Kogyo (TCI). The Kaiser reagent test kit was obtained from Fluka.
Ethylene glycol dimethacrylate (EDMA), methacrylic acid (MAA), 4-vinylpyridine (4-VPy), and N,N′-isopropyl carbodiimide, and 2,2′-azobis(isobutyronitrile) (AIBN) were obtained from Wako Pure Chemical Industries.
Preparation of the modified aminopropyl silica
The template (6.6 mmol) and N,N′-isopropyl carbodiimide (6.7 mmol) were dissolved in 50 mL of dry DMF, then aminopropyl silica (6.1 g, dried at 80˚C under vacuum overnight) was added to the mixture. The mixture was shaken at room temperature overnight. The silica was filtered with a glass filter and washed with DMF, dichloromethane, and methanol, then dried at 60˚C overnight. In order to block unreacted amino groups, we treated the modified silica with 6 mL of acetic anhydride in 50 mL of DMF overnight. The presence of unreacted amino groups in the aminopropyl silica was monitored using the Kaiser test. 17 For control polymers, the Bisphenol A (BPA)-recognizing imprinted polymers were synthesized using a template immobilized on silica where the template was grafted to aminopropyl silica. The silica-template conjugate was co-polymerized with a cross-linker (ethylene glycol dimethacrylate) and a functional monomer (4-vinylpyridine or methacrylic acid). The synthesized silicapolymer composites were treated with an aqueous NH4HF2 solution to dissolve the silica matrix. The 4-vinylpyridinebased imprinted polymer showed strong binding affinity to BPA and structurally related compounds having two hydroxyl groups at the 4,4′-position in the bisphenol structure. aminopropyl silica was treated with an excess of acetic anhydride, to obtain complete acetylation of the amino groups. Completion of the acylation reaction was confirmed again using the Kaiser test.
Preparation of the imprinted polymers (Scheme 1)
Two imprinted polymers were prepared using methacrylic acid (EM-IP) or vinyl pyridine (EV-IP) as a functional monomer and ethylene glycol dimethacrylate as a cross-linker. The corresponding control polymers were prepared with notemplate-grafted silica (EM-CP and EV-CP).
A pre-polymerization mixture was as follows: AIBN (30 mg), EDMA (12 mmol), and MAA or 4-VPy (4 mmol) were mixed and purged with N2 gas for 3 min; then 3 g of the templategrafted silica was added to 1.5 mL of the pre-polymerization solution. To prevent aggregation of the silica particles, we vigorously agitated the mixture with a spatula until the prepolymerization solution was completely adsorbed into the silica microparticles. Then, the mixture was sonicated for 5 min and flushed with N2 gas for 3 min. Polymerization was carried out at 60˚C overnight. To remove the template and the silica matrix, the silica-polymer composite beads were shaken in 3 M aqueous ammonium hydrogen fluoride (NH4HF2) solution for 3 days. The suspension was filtered on a glass filter and washed with 10% of aqueous acetone and then with methanol. The polymer was dried at 60˚C in an oven overnight.
BET and elemental analysis
The surface area and pore characteristics of the aminopropyl silica and the imprinted polymers were determined by BET analysis (Gemini 2360, Micromaritix).
The amount of immobilized 4,4′-bis(4-hydroxyphenyl)valeric acid on the silica particles was calculated from elemental analysis. The shape of aminopropyl silica and imprinted polymer were confirmed by use of a scanning electron micrograph, Keyence, VE-7800.
Selectivity of imprinted polymers
To evaluate the selectivity by chromatographic tests for BPA and structurally related compounds, we packed the obtained imprinted polymers into stainless-steel columns (100 mm × 4.6 mm i.d.). An HPLC system (Gilson) was composed of 302 pumps, UV/VIS-152 and 234-autoinjector. The mobile phase was CHCl3/MeCN (v/v, 9/1). The flow-rate was 1 mL/min and 10 µL of the sample was injected. The detection was carried out with UV at 260 nm. Retention factors were calculated using the equation k′ = (tr -to)/to, where tr is the retention time of the solutes and to is the retention time of acetone.
Results and Discussion
Preparation of modified silica particles and imprinted polymers
Aminopropyl silica particles were modified with the BPA analogue, 4,4′-bis(4-hydroxyphenyl)valeric acid, via an amide bond. The unreacted amino groups on the aminopropyl silica were capped with acetic anhydride.
The BPA-analogue modified silica particles were mixed with a pre-polymerization solution consisting of a cross-linker (EDMA), a functional monomer (MAA or 4-VPy) and an initiator (AIBN). Polymerizations were carried out at 60˚C. The obtained silicapolymer composites were treated with an aqueous solution of NH4HF2 to dissolve the silica matrix. The weight loss of the remaining organic imprinted polymer was consistent with the original weight of silica used to make the polymer-silica composites.
This verified that most of the silica was successfully dissolved and removed from the silica-polymer composites. The amount of introduced template was calculated from elemental analysis. The results are shown in Table 1 . The template loaded was calculated to be 0.23 mmol/g-silica (29.5% of NH2 group was modified). The surface areas of the aminopropyl silica and the imprinted polymers were measured by BET analysis ( Table 1 ). The imprinted polymers showed higher surface areas than the bulk silica particles except for EV-IP. The pore size distributions of the imprinted polymers were a narrow 1.5 to 3.0 nm, but the bulk silica particles showed a broad pore size distribution. These results showed that the immobilized templates gave fairly mono-disperse pores on the surface of imprinted polymers without the use of porogens. The scanning electron micrographs show that the obtained imprinted polymers are spherical with almost the same diameter as the silica templates (Fig. 1) . The spherical molecularly imprinted polymer beads can be prepared from the composite particles by dissolution of the silica matrix. This is a simple method to obtain uniformly sized and shaped molecular imprinted polymers, and can avoid loss of the polymers, which often happened during the traditional grinding and sieving of a bulk polymer monolith. The size of imprinted polymers may be controlled by changing the size of silica used.
Binding affinity of the imprinted polymers
The selectivity of the imprinted polymers for BPA and structurally similar compounds (Fig. 2) was investigated by measuring their retention on imprinted polymers with a mobile phase of chloroform/acetonitrile (9:1 (v/v)). Because previously reported BPA-imprinted polymers exhibited high affinities for BPA and its structural analogue compounds, [14] [15] [16] we employed this condition. The results are shown in Fig. 3 . The imprinted polymer, EV-IP showed higher affinity for BPA and structurally related compounds than EM-IP. The retention factors on EM-IP were below 1.0 for all the tested compounds. These results suggest that 4-VPy is more suitable than MAA in terms of binding affinity for BPA. VPy showed the highest retention and selectivity for BPA in a mixed organic/aqueous mobile phase. 13 EV-IP also showed strong binding for 4,4′-bisphenols, namely BPA (1), bisphenol B (2), and 4,4′-methylenebisphenol (3). These results suggest that the binding sites of the imprinted polymers contain two binding functionalities that are properly oriented and positioned to form hydrogen bond with both hydroxyl groups of bisphenol A. The template that was used to prepare the imprinted polymers was not BPA but 4,4′-bis(4-hydroxyphenyl)valeric acid; thus, it was not surprising that EV-IP showed similar affinity for 1 and for 2. EV-IP also retained 3 more strongly than 1 and 2. The compound 3 is more flexible and has less bulkiness at the bridge between the two phenols than BPA, thus 3 was strongly retained in the imprinted polymer. These results correlate with those from our previous studies. 15, 16 The two hydroxyl groups of bisphenol appear to interact strongly with 4-VPy in the binding sites, whereas other compounds having only one hydroxyl group (5, 6) showed very weak binding affinity. This lower affinity may arise from the formation of only one hydrogen-bonding interaction in the binding site. In our previous work, we reported that EDMA-based BPA-imprinted polymers showed almost the same retention factors for BPA, 17α-and 17β-estradiol. 14 However, these same steroidal hormones, 17α-(9), 17β-estradiol (10), and estrone (11), showed very weak affinity for the polymers prepared with the silica template immobilization method. Likewise, testosterone 12 showed almost no affinity, and the non-steroidal hormone, diethylstilbestrol 4 showed weak affinity for the imprinted polymers in this study.
Conclusion
BPA-analogue imprinted polymers were synthesized using the template-grafted silica. First, aminopropyl silica was modified with 4,4′-bis(4-hydroxyphenyl)valeric acid which serves as an immobilized template for BPA and related compounds. The modified silica was polymerized with EDMA as a cross-linker and MAA or 4-VPy as a functional monomer to form a silicapolymer composite particle. The treatment with an aqueous NH4HF2 solution removed the silica matrix and template. The remaining imprinted polymers retained silica's spherical shape and size and had high surface areas. The imprinted polymer, EV-IP containing 4-VPy residues, showed a strong binding affinity for BPA and structurally related compounds while also showing low affinity for other phenols and estrogen analogs lacking two phenolic groups. 
